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SYSTEM AND METHOD FOR TEST AND/OR
CALIBRATION OF MULTI-CHANNEL RF
COMMUNICATION DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a divisional application of U.S.
Pat. No. 10,917,937 under 35 U.S.C. § 120 naming to Steve
G. Dufly, et al. mventors. U.S. Pat. No. 10,917,937 1s a
National Stage Application under 35 U.S.C. § 371 of, and
claims priority under 35 U.S.C. § 121 from, International
Publication No. W0O2016064376A1. The entire disclosures
of U.S. Pat. No. 10,917,937 and International Publication
U.S. Pat. No. 10,917,937 are specifically incorporated herein
by reference.

BACKGROUND

In general RF commumnication systems and devices, like
other electronics, require testing and, in some cases, cali-
bration. Testing and calibration can present challenges 1n the
case of an RF communication system or device which
supports multiple transmission (Ix) and reception (Rx)
channels.

Some traditional solutions employ a single-channel mea-
surement instrument to test and calibrate each channel of a
multi-channel RF communication device individually, one-
by-one, in sequence. However, these solutions have some
drawbacks. First, the repeated connection and disconnection
ol the single-channel measurement instrument to the multi-
channel RF communication device under test (DUT) using
RF connectors will influence the testing accuracy and
repeatability. Second, as the number of transmission and/or
reception channels increases, the time required to perform
test and calibration also increases. In particular, 1n the case
of massive multi-input, multi-output (MIMO) communica-
tion systems which are now being developed and deployed,
the number of channels 1s very large (1n many cases more
than 64) and as a result testing each of these channels
one-by-one 1s very time consuming and 1n fact as the number
of channels 1ncreases, the time required can be prohibitive.

Some other solutions use multiple test instruments, or a
multi-channel test instrument, to test channels 1n parallel.
However, a disadvantage of this approach 1s that when the
number ol channels 1s very large, the test instruments, or
multi-channel test mstrument, becomes too expensive and
even 1mpractical when the number of channels 1s much
greater than 8.

Thus 1t would be desirable to provide a more convenient
and more reliable method and system to test and calibrate the
performance of a multi-channel RF communication system
or device.

SUMMARY

In accordance with a representative embodiment, a test
system, comprises: a test signal generator, comprising: a
single channel signal source configured to output a single
channel signal, and a phase shift network configured to
receive the single channel signal and 1n response thereto to
output a plurality of RF test signals in parallel with each
other. The phase shift network 1s further configured to shait
a phase of one or more of the RF test signals so as to make
at least a selected one of the RF test signals orthogonal to the
other RF test signals. The test system further comprises a
combiner network having a plurality of inputs each config-
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2

ured to receive one of a plurality of receive signals, each
receive signal being produced from a corresponding one of
a plurality of RF receivers of a device under test (DUT) 1n
response to the RF test signals. The combiner 1s configured
to combine the plurality of receive signals and to output a
combined output signal. The test system further comprises a
single channel measurement instrument configured to
receive the combined output signal and to measure there-
from at least one characteristic of each of the RF receivers.

In accordance with another representative embodiment, a
test system, comprises: a test signal generator, comprising;:
a single channel signal source, comprising a processor and
a memory, which stores instructions, which when executed
by the processor cause the processor to: generate a plurality
of RF test signals 1n parallel with each other, wherein at least
one of the RF test signals 1s orthogonal to the other RF test
signals at a given time; apply each of the plurality of RF test
signals to a corresponding one of the plurality of RF
receivers of the DUT; combine a plurality of receive signals
cach produced from one of the plurality of RF receivers of
the DUT 1n response to the corresponding one of the
plurality of RF test signals, to output a combined output
signal; provide the combined output signal to a test instru-
ment; and employ the test instrument to independently
measure at least one characteristic of each of the RF receiv-
ers from the combined output signal.

In yet another example embodiment, a method 1s provided
for testing a device under test (DUT) including a plurality of
RF receivers. The method comprises: generating a plurality
of RF test signals 1n parallel with each other, wherein at least
one of the RF test signals 1s orthogonal to the other RF test
signals at a given time; applying each of the plurality of RF
test signals to a corresponding one of the plurality of RF
receivers ol the DUT; combining a plurality of received
signals each produced from one of the plurality of RF
receivers ol the DUT 1n response to the corresponding one
of the plurality of RF test signals, to output a combined
output signal; and providing the combined output signal to
a test mstrument; and employing the test instrument to
independently measure at least one characteristic of each of
the RF receivers from the combined output signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The example embodiments are best understood from the
following detailed description when read with the accom-
panying drawing figures. In fact, the dimensions may be
arbitrarily increased or decreased for clarity of discussion.
Wherever applicable and practical, like reference numerals
refer to like elements.

FIG. 1 illustrates a first example embodiment of a system
for testing a multi-channel RF system or device under test
(DUT).

FIGS. 2A, 2B and 2C 1illustrate three embodiments of
methods of generating orthogonal test signals for testing a
multi-channel RF system or device under test (DUT).

FIG. 3 illustrates a second example embodiment of a
system for testing a multi-channel RF system or device

under test (DUT).

FIG. 4 illustrates a third example embodiment of a system
for testing a multi-channel RF system or device under test
(DUT).

FIG. 5 1s a flowchart of an example embodiment of a
method of testing a multi-channel RF system or device

under test (DUT).

DETAILED DESCRIPTION

In the following detailed description, for purposes of
explanation and not limitation, example embodiments dis-
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closing specific details are set forth 1n order to provide a
thorough understanding of an embodiment according to the
present teachings. However, it will be apparent to one
having ordinary skill 1in the art having had the benefit of the
present disclosure that other embodiments according to the
present teachings that depart from the specific details dis-
closed herein remain within the scope of the appended
claims. Moreover, descriptions of well-known apparati and
methods may be omitted so as to not obscure the description
of the example embodiments. Such methods and apparati are
clearly within the scope of the present teachings.

Unless otherwise noted, when a first device 1s said to be
connected to a second device, this encompasses cases where
one or more intermediate devices may be employed to
connect the two devices to each other. However, when a first
device 1s said to be directly connected to a second device,
this encompasses only cases where the two devices are
connected to each other without any intermediate or inter-
vening devices. Similarly, when a signal 1s said to be
coupled to a device, this encompasses cases where one or
more mtermediate devices may be employed to couple the
signal to the device. However, when a signal 1s said to be
directly coupled to a device, this encompasses only cases
where the signal 1s directly coupled to the device without
any intermediate or mtervening devices.

FIG. 1 illustrates a first example embodiment of a test
system 100 for testing a multi-channel RF system or device
under test (DUT) 10. Test system 100 includes a signal
source 110, a combiner network 120, and a single channel
measurement instrument 130. Test system 100 may also
turther include a signal design system 140. In particular, test
system 100 1s an embodiment of a system for testing and/or
calibrating a plurality of RF transmitters of a multi-channel
RF device or system, specifically a multi-channel RF com-
munication device or system.

In the example embodiment, DUT 10 1s connected to
signal source 110 via an interface 115. Here, 1t 1s assumed
that DUT 10 includes a plurality (N) of RF transmutters 12,
e.g., 12-1,12-2, . . ., 12-N which are capable of operating
independently from each other. Each RF transmitter 12
receives corresponding data, for example 1n the form of a
baseband sequence, and 1s capable of generating therefrom

a RF transmit signal 15, wherein one or more parameters of

RF transmit signal 15 (e.g., a phase or frequency shift or
modulation) 1s changed depending on the data so that the
data 1s represented 1n RF transmit signal 15. In the example
embodiment, interface 115 may comprise a baseband inter-
tace for receiving a plurality of baseband sequences, and/or
may comprise an optical interface wherein the baseband
sequences are provided on one or more optical signal
carriers. In some embodiments, DUT 10 may be a massive
multi-input, multi-output (MIMO) communication system
having many RF transmitters 12. In some embodiments
where DUT 10 1s a MIMO system, DUT 10 may have at
least N=64 RF transmitters 12-1 . . . 12-N. In some embodi-
ments, DUT 10 may have N=400 or more RF transmitters
12-1 . .. 12-N.

In the 1llustrated embodiment, signal source 110 includes
a signal processor 112 and a signal generator 114. Signal
processor 112 may further include a digital microprocessor
and memory, which may include volatile and/or nonvolatile
memory, including random access memory (RAM), read
only memory—{tor example electrically erasable program-
mable read only memory (EEPROM), FLASH memory, etc.
In some embodiments, the memory may store instructions to
be executed by the digital microprocessor to cause the
digital microprocessor to perform one or more algorithms
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for generating a plurality of baseband test sequences to be
supplied to DUT 10, as discussed in greater detail below.
Signal processor 112 may also include firmware, one or
more application specific integrated circuits (ASICs), digital
signal processors (DSPs), programmable gate arrays, etc.

In the 1llustrated embodiment, combiner network 120 1s
configured with a plurality of combiner stages 122-1, . . .,
122-i, . . ., 122-P, wherein each combiner stage 122-i may
include one or more combiners 122. In the 1illustrated
embodiment, each combiner 122 1s a two-mnput device.
Other configurations of a combiner network are possible.
For example, 1in other embodiments, a combiner network
may include a plurality of stages of four-input devices, or
even a single stage with one N-mput device. Combiner
network 120 1s configured to output a single signal under test
125 produced by combining RF transmit signals 15 output
by RF transmuitters 12-1 . . . 12-N.

In a beneficial feature, combiner network 120 may be
calibrated so that the transfer function (e.g., signal amplitude
loss and or phase shift) from each RF transmit signal 15 to
the output signal under test 125 through combiner network
120 1s known absolutely and/or with respect to each other
(1.e., the losses and phase shifts for the different RF transmit
signals 135 are known with respect to each other). Calibration
data for the various RF transmit signals 15 may be stored 1n
memory, for example a memory of single channel measure-
ment instrument 130, such that single channel measurement
instrument 130 may produce calibrated measurement or test
results for each of the RF transmuatters 12-1 ... 12-N of DUT
10.

Single channel measurement mstrument 130 1s connected
to an output of combiner network 120 to recerve signal under
test 125 therefrom. In some embodiments, single channel
measurement instrument 130 may comprise an RF test
instrument. In some embodiments, single channel measure-
ment mstrument 130 may comprise a single channel signal
analyzer, ¢.g., an RF signal analyzer, such as a spectrum
analyzer. However, 1n general, single channel measurement
istrument 130 may be any test or measurement instrument
which can measure one or more parameters of any RF
transmit signal 15 generated an RF transmitter 12 by DUT
10. In some embodiments, test system 100 may include
more than one single channel measurement instrument
which may operate 1n parallel to measure different param-
cters of single signal under test 125 output by combiner
network 120.

In general, as noted above, DUT 10 includes a plurality of
RF transmitters 12-1 . . . 12-N which all may operate
independently from each other. Accordingly, in general
non-orthogonal operation, RF transmit signals 15 transmit-
ted by RF transmuitters 12-1 . . . 12-N may occupy the same
spectral space at the same time as each other and could
interfere which each other. In that case, 1t could be difficult
or 1mpossible to separately or individually test or measure
any parameter of any one of the RF transmitters 12-1 . . .
12-N from the combined single signal under test 1235 output
by combiner network 120.

To address this 1ssue, as discussed 1n greater detail below,
in test system 100, signal generator 114 i1s configured to
supply a corresponding plurality of orthogonal or substan-
tially orthogonal baseband sequences to RF transmitters
12-1 . . . 12-N of DUT 10. As a result, the RF transmait
signals 15 generated by RF transmaitters 12-1 . . . 12-N of
DUT 10 are also orthogonal or substantially orthogonal to
cach other. Thus, even though the RF transmit signals 15 are
combined by combiner network 120 to produce a single
signal under test 125 output by combiner network 120,
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single channel measurement mstrument 130 may resolve or
separate each individual RF transmit signal 15 from the
signal under test 125 so as to mdividually test or measure
one or more parameters of any one of the RF transmitters
12-1 . . . 12-N from the combined single signal under test
125 output by combiner network 120. An example operation
of test system 100 will now be described to better 1llustrate
these principles.

In operation, signal processor 112 generates a plurality of
orthogonal baseband sequences. Although 1t 1s understood
that as a practical matter the plurality of orthogonal base-
band sequences 1n some embodiments may not be perfectly
orthogonal to each other and may have some small residual
non-orthogonal components, 1n the description to follows
orthogonal or substantially orthogonal baseband sequences
will be referred to generally as “orthogonal baseband
sequences.”

FIGS. 2A, 2B and 2C illustrate three embodiments of

methods 200, 210 and 220, respectively, of generating
orthogonal baseband sequences for testing a multi-channel
RF system or device under test (DUT).

Method 200 includes an operation 202 of generating a
plurality of baseband data sequences. In some embodiments,
cach of the plurality of baseband data sequences may
comprises a pseudorandom bitstream. Method 200 also
includes an operation 204 of multiplying the baseband data
sequences by a Walsh code or Walsh matrix to produce a
plurality of orthogonal baseband sequences.

Method 210 includes an operation 212 of generating a
plurality of baseband data sequences. In some embodiments,
cach of the plurality of baseband data sequences may
comprises a pseudorandom bitstream. Method 210 also
includes operation 214 of multiplying each of the baseband
data sequences by a corresponding Gold code to produce a
plurality of orthogonal baseband sequences.

Method 220 includes an operation 222 of generating a
plurality of baseband data sequences. In some embodiments,
cach of the plurality of baseband data sequences may
comprises a pseudorandom bitstream. Method 200 also
includes operation 224 of applying the baseband data
sequences to an orthogonal frequency divisional multiplexer
to generate an orthogonal frequency division multiplexed
(OFDM) signal comprising a plurality of orthogonal base-
band sequences.

Although methods 200, 210, and 220 have been illustrated
as examples, other methods of generating a plurality of
orthogonal baseband sequences are contemplated.

In some embodiments, one or more of the operations of
methods 200, 210 or 220 may be performed by a digital
microprocessor and memory of signal processor 112, as
discussed above. For example, in some embodiments the
digital microprocessor may execute an algorithm according
to 1nstructions stored 1in memory (e.g., nonvolatile memory)
to generate the plurality of baseband data sequences, for
example pseudorandom bitstreams. In some embodiments,
the digital microprocessor may execute an algorithm accord-
ing to instructions stored in memory (e.g., nonvolatile
memory) to generate Walsh codes or a Walsh matrix for the
baseband data sequences. In some embodiments, the digital
microprocessor may execute an algorithm to multiply the
Walsh codes or Walsh matrix with the baseband data
sequences to generate the plurality of orthogonal baseband
sequences.

In some embodiments, the baseband data sequences or the
orthogonal baseband sequences may be stored 1n memory,
for example a nonvolatile memory such as an EEPROM or
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FLASH device, and may be read from the nonvolatile
memory by the digital microprocessor.

In some embodiments, the baseband data sequences,
Walsh codes, and/or the resultant orthogonal baseband
sequences may be designed by signal design system 140 and
communicated therefrom to signal source 110, and 1n par-
ticular signal processor 112. In some embodiments, signal
design system 140 may comprise a general purpose com-
puter including one or more digital microprocessors,

memory (including volatile and/or nonvolatile memory),
data storage (e.g., a hard disk or FLASH memory drive), one
or more 1interfaces 145 (e.g., an Ethernet port, wireless
network 1interface, etc.) for communicating with signal
source 110, and a user interface which may include one or
more of a display, keyboard, keypad, touchscreen, mouse,
trackball, microphone, etc. In some embodiments, a user
may execute one or more soltware algorithms stored in
memory and/or data storage of signal design system 140 to
design or set parameters for the baseband data sequences,
Walsh codes, and/or the resultant orthogonal baseband
sequences employed by signal processor 112, and may
communicate this data to signal processor 112 via interface
145. In some embodiments, signal design system 140 may
only be connected to signal source 110 during a system
design or system configuration phase for test system 100.

In some embodiments, signal design system 140 and all of
the data and parameters necessary for operation of signal
source 110 and signal processor 112 may be stored in
nonvolatile memory in signal source 110 or signal processor
112.

Signal generator 114 1s configured to supply the plurality
of orthogonal baseband sequences to the corresponding
plurality of RF transmuitters 12 of DUT 10 via interface 115.
In some embodiments, signal generator 114 may be config-
ured to continuously supply the plurality of orthogonal
baseband sequences to the corresponding plurality of RF
transmitters 12-1 . . . 12-N of DUT 10 via interface 1135
during testing of DUT 10. In other embodiments, the
orthogonal baseband sequences may comprise relatively
long data patterns of fixed length which are transmitted over
and over repeatedly by RF transmitters 12-1 . . . 12-N. In that
case, 1n some embodiments, signal generator 114 may be
configured to supply the plurality of orthogonal baseband
sequences to DUT 10 one time via interface 115, and DUT
10 may store the orthogonal baseband sequences 1n internal
memory of DUT 10 and apply each orthogonal baseband
sequence to a corresponding RF transmitter 12 during test-
ng.

In some embodiments, signal generator 114 may be
configured to supply the plurality of orthogonal baseband
sequences to DUT 10 via interface 115 sequentially, one at
a time. In some embodiments, signal generator 114 may be
configured to supply the plurality of orthogonal baseband
sequences to the corresponding plurality of RF transmitters
12-1 ... 12-N of DUT 10 via interface 115 in parallel with
cach other.

In some embodiments, interface 115 may include an
electrical interface. In that case, in some embodiments,
signal generator 114 may be configured to supply the
plurality of orthogonal baseband sequences to DUT 10 via
the electrical interface as baseband data patterns. In some
embodiments, interface 115 may include an optical inter-
face. In that case, signal generator 114 may be configured to
modulate the orthogonal baseband sequences onto one or
more optical carriers supplied to DUT wvia the optical inter-
face.
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RF transmitters 12-1 . . . 12-N each employ the corre-
sponding orthogonal baseband sequence to generate a cor-
responding RF transmit signal 15 on a corresponding chan-
nel among a plurality of channels of DUT 10, such that RF
transmitters 12-1 . . . 12-N output a plurality of orthogonal
RF transmit signals 15 at the same time as each other.

Combiner network 120 combines the plurality of orthogo-
nal RF transmit signals 15 produced by RF transmitters
12-1 . . . 12-N to produce and output a single signal under
test 125. Combiner network maintains or substantially main-
tains the orthogonality between the RF transmit signals 15
produced by RF transmitters 12-1 . . . 12-N when combining,
the RF transmit signals 15 to produce signal under test 125.

Single channel measurement nstrument 130 receives
single signal under test 125 and therefrom measures inde-
pendently at least one characteristic of each of RF transmit-
ters 12-1 ... 12-N of DUT 10. As noted above since the RF
transmit signals 15 produced by RF transmitters 12-1 . . .
12-N which are included in signal under test 125 are all
orthogonal or substantially orthogonal to each other, mutual
interference 1s minimal and single channel measurement
instrument 130 1s able to separate or resolve each individual
RF transmit signal 15 to measure at least one characteristic
of the corresponding RF transmitter 12. In some embodi-
ments, single channel measurement instrument 130 sequen-
tially measures one or more characteristics of RF transmit-
ters 12-1 . .. 12-N, one at a time. In various embodiments,
single channel measurement 1nstrument 130 may measure
one or more of the following characteristics of each RF
transmitter 12: output power level, occupied bandwidth,
signal-to-noise ratio (SNR), harmonic output levels, har-
monic distortion, signal-to-noise-plus-interference ratio
(SNIR), etc.

FIG. 3 illustrates a second example embodiment of a test
system 300 for testing a multi-channel RF device under test
(DUT) 20. Test system 300 includes a combiner network
320 and a single channel measurement mstrument 330. Test
system 300 may also further include, optionally, an optical-
to-electrical converter 310. In particular, test system 300 1s
an embodiment of a system for testing and/or calibrating a
plurality RF receivers of a multi-channel RF device or
system, specifically a multi-channel RF communication
device or system.

Test system 300 assumes the availability of a calibrated
multi-channel transmitter 30 which may be configured to
generate and output a plurality of RF test signals 35 1n
parallel with each other, wherein at least one of the RF test
signals 35 1s orthogonal to the other RF test signals at a given
time. In some embodiments, calibrated multi-channel trans-
mitter 30 may be configured to generate a plurality of RF test
signals 35 in parallel with each other, wherein each of the RF
test signals 35 1s orthogonal to all of the other RF test signals
at a given time. In some embodiments, calibrated multi-
channel transmitter 30 may be a transmission portion of
DUT 20 which includes many RF transmitters, for example
as 1llustrated 1n FIG. 1.

Here, 1t 1s further assumed that DUT 20 includes a
plurality (N) of RF receivers 22, e.g., 22-1, 22-2, . .., 22-N
which are capable of operating independently from each
other. Each RF receiver 22 recerves a corresponding RF test
signal 35 from calibrated multi-channel transmitter 30,
wherein one or more parameters ol RF test signal 35 (e.g.,
an amplitude, phase, or frequency shiit or modulation) is
changed depending on data which 1t transmits, so that the
data 1s represented in the transmit RF signal. In some
embodiments, DUT 20 may be a massive multi-input, multi-
output (MIMO) commumnication system having many RF
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receivers 22-1 . .. 22-N. In some embodiments where DUT
20 1s a MIMO system, DUT 20 may have at least N=64 RF
receivers 22-1 . . . 22-N. In some embodiments, DUT 10
may have N=400 or more RF receivers 22-1 . . . 22-N.

In the example embodiment, each of the RF receivers
22-1 ... 22-N of DUT 20 outputs an optical output signal
comprising a baseband sequence provided on one or more
optical signal carriers. In particular, the baseband sequences
output by RF receivers 22-1 . . . 22-N of DUT 20 are
orthogonal or substantially orthogonal to each other. The
optical output signals output by RF receivers 22-1 ... 22-N
of DUT 20 are provided to combiner network 320 wvia
optional optical-to-electrical converter 310. Optical-to-elec-
trical converter 310 converts the optical output signals from
RF recewvers 22-1 . . . 22-N of DUT 20 mto RF or
intermediate frequency (IF) receive signals 25 which carry
the orthogonal baseband sequences and which are then
provided from optical-to-electrical converter 310 to com-
biner network 320.

In other embodiments, RF receivers 22-1 . . . 22-N of
DUT 20 may include RF or mtermediate frequency (IF)
outputs. In that case, the orthogonal baseband sequences
may be output from RF receivers 22-1 . . . 22-N on RF or
IF carriers, in which case optical-to-electrical converter 310
may be omitted and the RF or IF recerve signals 25 may be
provided directly from RF receivers 22-1 ... 22-N of DUT
20 to combiner network 320.

In the illustrated embodiment, combiner network 320 1s
configured with a plurality of combiner stages 322-1, . . .,
322-i, ..., 322-P, wherein each combiner stage 322-i may
include one or more combiners 322. In the illustrated
embodiment, each combiner 322 1s a two-mnput device.
Other configurations of a combiner network are possible.
For example, 1n other embodiments, a combiner network
may include a plurality of stages of four-input devices, or
even a single stage with one N-mnput device. Combiner
network 320 i1s configured to output a single combined
output signal 325 produced by combining receive signals 25
output by RF receivers 22-1 .. . 22-N.

In a beneficial feature, combiner network 320 may be
calibrated so that the transfer function (e.g., signal amplitude
loss and or phase shiit) from each RF receive signal 25 to the
single combined output signal 325 through combiner net-
work 320 1s known absolutely and/or with respect to each
other (1.¢., the losses and phase shifts for the different RF
receive signals 25 are known with respect to each other).
Calibration data for the various RF receive signals 25 may
be stored 1 memory, for example a memory of single
channel measurement istrument 130, such that single chan-
nel measurement instrument 130 may produce calibrated
measurement or test results for each of the RF receivers
22-1 . ..22-N of DUT 20.

Single channel measurement mstrument 130 1s connected
to an output of combiner network 320 to receive single
combined output signal 325 therefrom. In some embodi-
ments, single channel measurement instrument 130 may
comprise an RF test mstrument. In some embodiments,
single channel measurement instrument 130 may comprise a
single channel signal analyzer, e.g., an RF signal analyzer,
such as a spectrum analyzer. However, in general, single
channel measurement instrument 130 may be any test or
measurement instrument which can select (based on the
orthogonal properties of the signal) and measure one or
more parameters of any RF receive signal 25 generated an
RF receiver 22 by DUT 20. In some embodiments, test
system 300 may include more than one single channel
measurement nstrument which may operate 1n parallel to




US 11,240,878 B2

9

measure different parameters of single combined output
signal 325 output by combiner network 320.

In general, as noted above, DUT 20 includes a plurality of
RF receiwvers 22-1 . . . 22-N which all may operate inde-
pendently from each other.

Accordingly, 1n general (non orthogonal) operation, RF
signals recerved by RF receivers 22-1 . .. 22-N may occupy
the same spectral space at the same time as each other and
could interfere which each other. In that case, i1t could be
dificult or impossible to separately or individually test or
measure any parameter of any one of the RF receivers
22-1 . .. 22-N from the single combined output signal 325
output by combiner network 320.

To address this 1ssue, as discussed 1n greater detail below,
in test system 300, calibrated multi-channel transmaitter 30 1s
configured to supply a corresponding plurality of orthogonal
or substantially orthogonal RF test signals 35 to RF receiv-
ers 22-1 ...22-N of DUT 20. As a result, the receive signals
25 generated by RF receivers 22-1 . .. 22-N of DUT 20 are
also orthogonal or substantially orthogonal to each other.
Thus, even though the receive signals 25 are combined by
combiner network 320 to produce and output a single
combined output signal 3235, single channel measurement
istrument 130 may resolve or separate each individual
receive signal 25 from the single combined output signal
325 so as to individually test or measure one or more
parameters of any one of the RF recervers 22-1 . . . 22-N
from the single combined output signal 325 output by
combiner network 320. An example operation of test system
300 will now be described to better illustrate these prin-
ciples.

Calibrated multi-channel transmitter 30 1s configured to
supply a corresponding plurality of orthogonal or substan-
tially orthogonal RF test signals 35 to RF receivers
22-1 ... 22-N of DUT 20.

RF recervers 22-1 . . . 22-N each process the correspond-
ing orthogonal RF test signal to generate a corresponding
receive RF test signal 35 on a corresponding channel among,
a plurality of channels of DUT 20, such that RF receivers
22-1 . .. 22-N output a plurality of orthogonal RF receive
signals 25 at the same time as each other.

Combiner network 320 combines the plurality of receive
signals 25 produced by RF receivers 22-1 . . . 22-N to
produce the single combined output signal 325. Combiner
network maintains or substantially maintains the orthogo-
nality between the RF receive signals 25 produced by RF
receivers 22-1 . . . 22-N when combining the RF receive
signals 25 to produce single combined output signal 325.

Single channel measurement instrument 130 receives
single combined output signal 325 and therelrom measures
independently at least one characteristic of each of the RF
receivers 22-1 . . . 22-N of DUT 20. As noted above since
the RF test signals 35 produced by calibrated multi-channel
transmitter 30 are all orthogonal to each other, receive
signals 25 are also orthogonal to each other. Accordingly,
mutual interference 1s minimal and single channel measure-
ment instrument 130 1s able to separate or resolve each
individual receive signal 25 to measure at least one charac-
teristic of the corresponding RF recerver 22. In some
embodiments, single channel measurement instrument 130
sequentially measures one or more characteristics of RF
receivers 22-1 . . . 22-N, one at a time.

FIG. 4 1llustrates a third example embodiment of a test
system 400 for testing a multi-channel RF device under test
(DUT). As will be explained in greater detail below, a
principal difference between test system 300 and test system
400 1s the method of creating orthogonality between the RF
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test signals. Test system 300 uses baseband channel coding
to achieve the orthogonality, while test system 400 employs
phase shifting. Test system 400 includes a test signal gen-
crator 402, combiner network 320, single channel measure-
ment instrument 330 and controller and phase shift array
design system 440. Test system 400 may also further
include, optionally, optical-to-electrical converter 310. In

particular, test system 400 1s an embodiment of a system for

[

testing and/or calibrating a plurality of RF receivers of a
multi-channel RF device or system, specifically a multi-
channel RF communication device or system.

Whereas test system 300 described above assumed the
availability of a calibrated multi-channel transmitter which
could be configured to generate a plurality of RF test signals
in parallel with each other, wherein at least one of the RF test
signals 1s orthogonal to the other RF test signals at a given
time, 1 contrast, test system 400 provides a test signal
generator 402 which includes a single-channel signal source
410 and a phase shift network (e.g., an active phase shiit
network) 420 which cooperate to output a plurality of RF
test signals 435 1n parallel with each other, wherein at least
one of the RF test signals 435 1s orthogonal to the other RF
test signals at a given time. Test signal generator 402
includes one or more mterfaces to controller and phase shift
array design system 440 for controlling operations thereot,
as described below.

Single-channel signal source 410 1s configured to generate
and output a single channel signal 415, 1n particular an RF
signal which carries baseband data, whose characteristics
match those required for reception by RF receivers 22.
Single-channel signal source 410 may generate single chan-
nel signal 415 1n response to a signal design produced by
controller and phase shiit array design system 440.

In some embodiments, single-channel signal source 410
may 1nclude a digital microprocessor and memory, which
may include volatile and/or nonvolatile memory, including
random access memory (RAM), read only memory—ior
example electrically erasable programmable read only
memory (EEPROM), FLASH memory, etc. In some
embodiments, the memory may store instructions to be
executed by the digital microprocessor to cause the digital
microprocessor to perform one or more algorithms for
generating single channel signal 415. Single-channel signal
source 410 may also include firmware, one or more appli-
cation specific integrated circuits (ASICs), digital signal
processors (DSPs), programmable gate arrays, eftc.

In some embodiments, single channel signal 415 may be
designed by controller and phase shiit array design system
440 and communicated therefrom to single-channel signal
source 410. In some embodiments, controller and phase shift
array design system 440 may comprise a general purpose
computer mcluding one or more digital microprocessors,
memory (including volatile and/or nonvolatile memory),
data storage (e.g., a hard disk or FLASH memory drive), one
or more interfaces (e.g., an Ethernet port, wireless network
interface, etc.) for communicating with test signal generator
402, and a user interface which may include one or more of
a display, keyboard, keypad, touchscreen, mouse, trackball,
microphone, etc. In some embodiments, a user may execute
one or more software algorithms stored 1n memory and/or
data storage of signal design system 140 to design or set
parameters for single channel signal and may communicate
this data to single-channel signal source 410. In some
embodiments, the parameters necessary lor generating
single channel signal 415 may be stored in nonvolatile
memory in single-channel signal source 410.
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Single-channel signal source 410 1s configured to supply
single channel signal 413 to phase shiit network 420 which
may be an active phase shift network.

Phase shiit network 420 1s configured to receive single
channel signal 415 and in response thereto to output a
plurality of RF test signals 425 1n parallel with each other,
wherein phase shift network 420 1s further configured to
shift the phase of one or more of the RF test signals 425 so
as to make at least a selected one of the RF test signals 4235
orthogonal to the other RF test signals 425. In some embodi-
ments, phase shiit network 420 1s configured to shift the
phase of one or more of the RF test signals 425 so as to make
all of the RF test signals 425 orthogonal to each other. Phase
shift network 420 may be an active device that can shiit the
phase for all the RF test signals 425 independently according,
under the design and/or control of controller and phase shift
array design system 440 to create some form of orthogonally
among RF test signals 425.

DUT 20, combiner network 320, and single channel
measurement instrument 330 are the same as the corre-
sponding elements 1 test system 300 of FIG. 4, so a
repeated description thereof will not be provided.

FIG. 5 1s a flowchart of an example embodiment of a
method 500 of testing a multi-channel RF system or device.
In some embodiments, method 500 may be employed to test
and/or calibrate a plurality of RF receivers of a multi-
channel RF device or system, specifically a multi-channel
RF communication device or system, for example a massive
multi-input, multi-output (MIMO) communication system.
In some embodiments, method 500 may be performed by

test system 300 or test system 400 to measure one or more
characteristics of the recervers of DUT 20.

Method 500 includes an operation 510 of generating a
plurality of RF test signals in parallel with each other,
wherein at least one of the RF test signals 1s orthogonal to
the other RF test signals at a given time.

Method 500 also includes an operation 520 of applying
cach of the RF test signals to a corresponding one of a
plurality of RF receivers of a DUT such as RF receivers 22
of DUT 20 as shown 1n FIGS. 3 and 4 and described above.

Method 500 also includes an operation 530 of combining,
receive signals of the RF receivers of the DUT to output a
combined output signal. In some embodiments, the receive
signals may be combined via a combiner network, such as
combiner network 320 as shown m FIGS. 3 and 4 and
described above.

Method 500 also includes an operation 340 of providing
the combined output signal to a test instrument (e.g., a
measurement instrument).

Method 500 also includes an operation 5350 of indepen-
dently measuring at least one characteristic of each of the RF
receivers from the combined output signal using the test
instrument.

As described above in the background, in conventional
testing approaches for multi-channel RF communication
devices, one must either connect multiple test instruments,
or a multi-channel test instrument, to multiple channels 1n
order to measure the multiple channels quickly but expen-
sively, or one can switch a single test instrument from
channel to channel 1n order to measure multiple channels
slowly but mnexpensively. In contrast, with embodiments of
test systems described herein a single test instrument may be
employed, which 1s comparatively inexpensive, but it still
allows the channel selection to be done electronically, bring-
ing nearly the same speed as i1if multiple test imstruments
were employed but at a much lower cost.
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While example embodiments are disclosed herein, one of
ordinary skill in the art appreciates that many variations that
are 1n accordance with the present teachings are possible and
remain within the scope of the appended claims. The mven-
tion therefore 1s not to be restricted except within the scope
of the appended claims.

The mvention claimed 1s:

1. A test system, comprising:

a test signal generator, comprising;:

a single channel signal source configured to output a
single channel signal, and

a phase shift network configured to receive the single
channel signal and in response thereto to output a
plurality of RF test signals 1n parallel with each
other, wherein the phase shift network 1s further
configured to shift a phase of one or more of the RF
test signals so as to make at least a selected one of the
RF test signals orthogonal to the other RF test
signals;

a combiner network having a plurality of mputs each
configured to receive one ol a plurality of receive
signals, each receive signal being produced from a
corresponding one of a plurality of RF recervers of a
device under test (DUT) in response to the RF test
signals, wherein the combiner network 1s configured to
combine the plurality of receive signals and to output a
combined output signal; and

a single channel measurement nstrument configured to
receive the combined output signal and to measure
therefrom at least one characteristic of each of the RF
recelvers.

2. The test system of claim 1, further comprising an
optical-to-electrical converter connected between outputs of
cach of the plurality of RF receivers of the DUT and the
inputs of the combiner network.

3. The test system of claim 1, wherein the phase shift
network 1s an active phase shiit network.

4. The test system of claim 3, wherein the single channel
signal source and the phase shift network are configured to
output the plurality of RF test signals 1n parallel with each
other.

5. The test system of claim 4, at least one of the RF test
signals 1s orthogonal to the other RF test signals at a given
time.

6. The test system of claim 3, wherein the active phase
shift network comprises an active device adapted to shift the
phase for all the RF test signals independently to create at
least some orthogonality among RF test signals.

7. The test system of claim 1, wherein the single channel
signal 1s an RF signal which carries baseband data.

8. The test system of claim 7, wherein characteristics of
the baseband data match those required for reception by the
plurality of RF receivers.

9. The test system of claam 1, wherein the phase shift
network 1s further configured to shift the phase of one or
more of the RF test signals to make all of the RF test signals
orthogonal to each other.

10. A test system, comprising:

a test signal generator, comprising: a single channel signal
source, comprising a processor and a memory, which
stores 1nstructions, which when executed by the pro-
cessor cause the processor to:

generate a plurality of radio frequency (RF) test signals 1n
parallel with each other, wherein at least one of the RF
test signals 1s orthogonal to the other RF test signals at
a given time;
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apply eaf:h of the plurality. of RF test signals to a corre-
sponding one of a plurality of RF receivers of a device

under test (DUT);
combine a plurality of receive signals each produced from

one of the plurality of RF receivers of the DUT 1n
response to the corresponding one of the plurality of RF
test signals, to output a combined output signal;

provide the combined output signal to a test istrument;
and

employ the test instrument to independently measure at

least one characteristic of each of the plurality of RF
receivers from the combined output signal.

11. The test system of claim 10, wherein a transmitter of
the DUT generates the plurality of RF test signals 1n parallel
with each other.

12. The test system of claim 11, wherein the transmaitter of
the DUT outputs the plurality of RF test signals which are
orthogonal to each other.

13. The test system of claim 11, wherein the instructions,
which when executed by the processor to generate the
plurality of RF test signals in parallel with each other further,
turther causes the processor to:

output a single channel signal from a single channel

source; and

output from a phase shiit network the plurality of RF test

signals in parallel with each other in response to the
single channel signal.

14. The test system of claim 13, wherein the instructions,
which when executed by the processor, further cause the
phase shift network to shift a phase of one or more of the RF
test signals so as to make at least one of the RF test signals
orthogonal to the other RF test signals.

15. The test system of claim 14, wherein the 1nstructions,
which when executed by the processor, further cause the
phase shiit network to sequentially shiit the phase of each of
the RF test signals so as to sequentially make each of the RF
test signals orthogonal to the other RF test signals.

16. A tangible, non-transitory computer readable medium
that stores instructions, which when executed by a processor,
cause the processor to:
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generate a plurality of radio frequency (RF) test signals 1n
parallel with each other, wherein at least one of the RF
test signals 1s orthogonal to the other RF test signals at
a given time;

apply each of the plurality of RF test signals to a corre-
sponding one of a plurality of RF receivers of a device

under test (DUT);

combine a plurality of receive signals each produced from
one of the plurality of RF receivers of the DUT 1n
response to the corresponding one of the plurality of RF
test signals, to output a combined output signal; and

provide the combined output signal to a test instrument.

17. The tangible non-transitory computer readable
medium of claim 16, wherein a transmitter of the DUT
generates the plurality of RF test signals 1n parallel with each
other.

18. The tangible non-transitory computer readable
medium of claim 17, wherein the transmitter of the DUT
outputs the plurality of RF test signals which are orthogonal
to each other.

19. The tangible non-transitory computer readable
medium of claim 17, wherein the instructions that cause the
processor to generate the plurality of RF test signals in
parallel with each further cause the processor to:

output a single channel signal from a single channel signal

source; and

output the plurality of RF test signals from a phase shift

network 1n parallel with each other in response to the
single channel signal, wherein a phase of one or more
of the RF test signals 1s shifted so as to make at least
one of the RF test signals orthogonal to the other RF
test signals.

20. The tangible non-transitory computer readable
medium claim 16, wherein the instructions further cause the
shift 1n the phase of each of the RF test signals to be
sequential so as to sequentially make each of the RF test
signals orthogonal to the other RF test signals.
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